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ABSTRACT
We describe the design and performance of the magnetometer instrument for the CubeSat mission AERO-VISTA.
AERO-VISTA requires in-situ vector magnetic measurements with magnetic precision and repeatability better than
100 nT at a minimum rate of 10 Hz. Our magnetometer system uses the three-axis Honeywell HMC1053 anisotropic
magnetoresistive (AMR) sensor. As built, our instrument exhibits intrinsic magnetic noise better than 10 nTrms from
0.1 to 10 Hz, though self-interference effects degrade performance to about 50 nT to 200 nT uncertainty. The analog
and mixed signal portion of each magnetometer occupies about 8 square centimeters of circuit board space and draws
about 100 mW. We describe the selection of major components, detail the schematic design of the analog electronics,
and derive a noise budget from datasheet component specifications. The theoretical noise budget matches
experimental results to better than 20%. We also describe the digital electronics and software which operates an analog
to digital converter interface and implements a sampling method that allows for improved separation of offset and
magnetic field signal contributions. We show the spectral characteristics of the magnetic field noise floor including
self-interference effects. Our magnetometer design can be used in whole or in part on other small satellites which plan
to use similar AMR magnetic sensors.
INTRODUCTION

part and the VISTA part. AERO stands for Auroral
Emissions Radio Observer, and defines a mission using
a six-element vector sensor to measure radio emission
from the Earth’s aurora in low frequency (LF) through
high frequency (HF) bands—approximately 100 kHz to
15 MHz. These observations will provide new scientific
data on processes associated with the terrestrial aurora
and will enable future remote sensing of heliospheric,
planetary and astrophysical plasmas.3

Magnetic Measurement
Magnetometers are widely used on satellites for both
attitude sensing and scientific observations. Spaceborne
magnetometers have enabled the creation of accurate
maps of Earth’s magnetic fields. However, these models
have limited spatial and temporal resolution, and
therefore are much less accurate in locations with fast or
localized magnetic perturbations from sources such as
flowing currents.1

The VISTA (Vector Interferometry Space Technology
using AERO) spacecraft will measure the radio
environment at the same time as the AERO spacecraft,
but with a physical separation of a few to several
kilometers between them.4 Each spacecraft also carries a
small chip scale atomic clock (CSAC) for precise timestamping of the RF data. This allows the two satellites to
synthesize a large effective antenna using techniques
analogous to ground-based very large baseline
interferometry (VLBI).5

Such perturbations can be particularly problematic near
Earth’s poles, where geospace processes create field
aligned currents close to the surface of the Earth with
particular concentration near satellites in LEO. 2 For
these reasons, science missions which need to know the
local magnetic field in the polar regions must measure
the field with their own high-fidelity magnetic sensors.
AERO-VISTA Mission

While each satellite can independently perform HF
direction finding measurements to fulfill the scientific
objectives of the AERO mission, AERO and VISTA will
need to simultaneously observe and synchronize their

AERO and VISTA (collectively AERO-VISTA) are a
pair of 6U CubeSats. The two identical spacecraft will
work together toward the same mission goals, but the
entire mission can be broken into two parts—the AERO
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measurements to demonstrate interferometry and fulfill
the VISTA mission objectives.

spacecraft systems matured, but approximate goals for
the magnetic sensing device and associated circuitry (not
including a computer to operate the device) are included
in Table 1.

AERO-VISTA Magnetic Requirements
Since AERO and VISTA must determine the direction of
radio wave propagation with respect to the local
magnetic field, observation of the local field is required.
In particular, deviation of the measured magnetic field
vector from that predicted by steady-state models like the
World Magnetic Map (WMM)6 or International
Geomagnetic Reference Field (IGRF)7 can indicate the
presence of strong auroral plasma currents. These
dynamic field-aligned currents in the auroral region are
associated with plasma processes driving emission of
radio waves detected by the AERO-VISTA vector
sensor.3 In these ways, magnetic field information helps
in the analysis and contextualization of RF data acquired
by the vector sensor.

Table 1:

Desired Qualities for Magnetometer
Selection

Parameter

Target

Size

5x4x3 cm (about 20 cm2 of planar
PCB space) per 3-axis sensor

Power

100 mW or less per 3-axis sensor

Repeatability +
Noise Error

50 nT or better

EMI

Electromagnetic interference (EMI)
emissions below that already created
by the spacecraft bus

Flight Heritage

Technology flown on previous small
satellite mission (preferably CubeSat)

The PNI RM3100 magnetometer was originally selected
as the AERO-VISTA magnetometer. The SPI interface
allows for direct connection to a computer or other
digital system, and it meets our desired specifications in
size, power, and repeatability plus noise error. However,
the magneto-inductive operation of the PNI RM3100
effectively acts as a small antenna at 180 kHz. While for
most missions, this level of emission would likely not be
a problem, 180 kHz and its harmonics are in the AEROVISTA vector sensor operational frequency range so the
RM3100 was disqualified based on electromagnetic
interference (EMI). Figure 2 shows the test setup for
RM3100 EMI testing, and a plot of EMI at
approximately three centimeters distance from
magnetometer to loop probe antenna is shown in Figure
3.

The science requirements flow into mission
requirements which themselves flow down into
instrument specific requirements. By mapping each
requirement to a parent requirement, we ensure that
verifying each lower level requirement will allow us to
meet the higher-level mission requirements. The flow of
science requirements into payload requirements for the
magnetometers in the AERO-VISTA mission is
summarized in Figure 1 and drawn from the AEROVISTA requirements documents.

Figure 2: RM3100 EMI Measurement1
Figure 1: Requirements Flow Diagram8
Magnetometer Selection
The AERO-VISTA magnetometer system is limited in
Size Weight and Power (SWaP). System level SWaP has
been tracked and verified with an itemized budget as all
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magnetic field in one of three axes. The polarity of the
sensitivity can be inverted with the use of set/reset straps.
These are coils wound around the AMR material such
that a pulsed current through this circuit will realign the
magnetic domains of the AMR material, changing the
polarity of the signal.13 This is useful because static
instrument offsets, either due to amplification and
detection circuitry, or due to the sensor itself, can create
biases above the mission’s 100 nT requirement.
Inversion of the sensitive axis inverts the polarity of the
desired signal but does not invert the polarity of the
constant offsets, allowing for cancellation via
subtraction over short time scales. Other non-ideal
effects of the magnetometer are addressed with
calibration.

Figure 3: RM3100 EMI Spectrum1
The HMC series of AMR magnetometers manufactured
by Honeywell have been used on previous CubeSat
missions such as ANDESITE9 and CINEMA10, and were
also considered as a candidate for the magnetometer.
Additionally, the HMC device meets specifications for
size, power, and magnetic noise. The steady state nature
of the anisotropic magnetoresistive (AMR) sensing
technology does not show the same RF emission
mechanism as seen in the PNI RM3100 magnetoinductive sensor.
Within the HMC series, the HMC1053 integrates all
three magnetic sensors into a small 8mm x 8mm surface
mount package. While the HMC1053 easily meets our
magnetic noise requirement, the datasheet also specifies
significant error contributions from effects such as offaxis sensitivity, sensitivity uncertainty, sensor offset, and
temperature coefficients on both offset and sensitivity.
These non-ideal characteristics would degrade
repeatability as the spacecraft environment changes, so
they require calibration. We plan to perform calibration
in orbit by measuring magnetic fields at low and mid
latitudes during magnetically quiet conditions where
deviation from global magnetic field maps are at a
minimum.

Figure 4: Operation of the HMC1053 Set/Reset
Polarity Inversion1
The signals from the magnetometer are small (4 µV at
100 nT), and noise floor is a primary performance
concern, so we also pre-amplify the signal before it is
digitized. Figure 5 shows the HMC1053 circuitry block
diagram. Several components were considered for the
pre-amplifier and analog to digital conversion functions.

DESIGN
Design Architecture
Each axis of the HMC1053 has a balanced bridge similar
to a Wheatstone bridge.11 The resistances of the bridge
elements change with the magnitude of the incident field
to produce a differential voltage. The anisotropic
material changes resistance depending on the relative
angle of the current flowing through the magnetic
material and the magnetic field incident on the
material.12 With a bias voltage applied at the top of the
resistor bridge network, the differential voltage on the
bridge is a maximum for magnetic fields aligned (or antialigned) with the desired sensitive axis.

Figure 5: Block Diagram of Analog Circuitry to
Implement Magnetic Sensing with the HMC10531

Major Component Selection
Pre-Amplifier Selection
The small signal level of the analog differential output of
the magnetometer necessitates a low-noise preamplifier. While some ADCs integrate a programmable

The HMC1053 has three small-signal differential
outputs. These outputs are proportional to the incident
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the manufacturer’s datasheets, but augmented with data
from third party sources14 where needed. Each op-amp
was evaluated based on the following criteria: added
uncertainty to the magnetic measurement, supply voltage
required, power consumption, and board space. The
added magnetic measurement uncertainty is calculated
in multiple steps from several datasheet parameters and
uncertainty contributions as detailed in Figure 6. Due to

gain front-end, we found that none of the ADCs available
met all interface requirements while still providing a
high programmable gain at a low input referred voltage
noise level.
Several commercially available low noise operational
amplifiers were evaluated for use in the pre-amplifier.
Component parameters were preferentially taken from

Figure 6: Amplifier Selection Scoring by Figures of Merit Including Computation of Amplifier-Added
Magnetic Uncertainty as Calculated by Circuit Analysis and Component Parameters

Table 2: Selection Results as Computed in Figure 61
Device

Belsten

Uncertainty

Supply V

Power

Area

Final
Score

Value
[nVrms]

Score
[5]

Value
[V]

Score
[2]

Value
[mW]

Score
[2]

Value
[mm2]

Score
[2]

Total

MAX9618

420

4

4.096

5

2.4

5

24

5

4.5

LT1097

382

4

4.096

5

14

3

240

2

3.6

LT1007

10,000

0

5

2

108

1

240

2

0.9

OPA209

767

3

5

2

88

2

64

3

2.6

LT1012

288

4

4.096

5

20

3

240

2

3.6

LT6010

217

5

4.096

5

5.2

4

60

4

4.6

LMP2022

143

5

4.096

5

44

2

60

4

4.3

OPA140

262

4

5

2

72

2

70

3

3.1

OPA2188

2502

1

4.096

5

19.2

3

60

1

2.1
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the complexity of evaluating the uncertainty from the
contribution, this evaluation path is shown separately
from other figures of merit which deal with circuit
implementation considerations.

The ADC options were also checked for added
uncertainty from thermal drift of input offset and integral
non-linearity, but these effects were relatively small
compared to the contributions from the pre-amplifier as
the signals at the input to the ADC are already amplified.
The ADC selected for the AERO-VISTA magnetometer
to meet all of these requirements is the Analog Devices
AD7771. The AD7779 was used during some initial
prototyping, but component availability issues required
a change of part number. These two devices have very
similar analog performance, and the digital interface
(register map) is identical.

After quantization with physical units, each parameter
was scored with a figure of merit rating from one to five,
which itself was based on the value with physical units.
Each figure of merit is given a weighting based on its
relative importance to our use. On a scale from 1 to 5 we
assigned weights of 5, 2, 2, 2 to uncertainty, supply
voltage, power, and board space respectively. The added
uncertainty is given the maximum score because
uncertainty introduced at the preamplification stage
cannot be regained by changing other systems. Within
reason, more power draw, an additional voltage supply,
or more board space can be accommodated by subsystem
and system level margins so these parameters are given
the weight 2. These weights were used in a weighted
average to compute a final score for each amplifier.

Analog and Mixed-Signal Design Implementation
With the conceptual block diagram from Figure 5, and
with the major components selected, the next step is to
implement the design in detail. This occurred in three
stages. First, we filled in design details such as passive
components with a full schematic capture. Next, we
assigned physical parts to the components and laid out
the physical printed circuit board (PCB). Finally, we had
the PCB fabricated and the components populated on the
board.

Based on the evaluation results shown in Table 2, the
LMP6010, MAX9618, and LMP2022 were selected as
primary candidates. Due to component unavailability
during the supply chain disruptions that began in early
2020, the LMP2022 was ultimately selected as the preamplifier op-amp.

Schematic Capture
The schematic for the analog design is hierarchical as
shown in Figure 7. The main “Magnetometers”
schematic relies on multiple instances of the
“Magnetometers Channel” and the “Magnetometer
Filter” schematics. The magnetometer filter is the preADC filter designed for a cutoff frequency of 48 Hz, and
a settling time to 50 PPM accuracy of 33 ms. The filter
block is used once for every ADC input (8 times per
board). The magnetometer channel block is used twice
per board, one for each magnetometer. Each
magnetometer channel independently implements the
magnetometer, reference voltage, temperature sensor,
set/reset switches, and pre-amplifiers for one three-axis
magnetic field measurement.

Analog to Digital Converter Selection
The analog to digital conversion itself can introduce
noise and errors into the signal. The amplification of the
pre-amplifier allows us to select an ADC with less regard
to the input noise voltage. We have designed a preamplifier with gain of about 50 V/V. Our ultimate
measurement goal is 100 nT precision, so any error
contribution below about 10 nT can be ignored as it will
likely be dominated by other error contributions. With
our chosen bias voltage and pre-amplifier, a signal of 10
nT will create an ADC input voltage of about 20.5 uV.
Quantization of the signal can also introduce errors.
Using 10 nT as the target, we require a dynamic range of
approximately 10,000, requiring an ADC with at least 14
bits. Even more bits would be preferable because this
would account for static offsets that increase the total
input range beyond just what is required for the magnetic
measurement.

Figure 7: Hierarchical schematic sheets for
magnetometer implementation1

It is also important that the ADC sample all
magnetometers at once. An ADC which uses an internal
(8 channel) multiplexer with a single ADC circuit will
need to sample at 8 times the actual data rate to sample
all channels. As a result, each channel includes noise
contributions at frequencies up to 8 times the effective
data rate, increasing measurement noise.

Belsten

Layout
For spatial magnetic measurement diversity, the
magnetometers are placed as far apart as possible on the
PCB while still maintaining separation from the
magnetically active digital components: the Raspberry
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Pi and the switch mode power supplies. We minimize
variation of power supply current signals in the vicinity
of the magnetometers and ensure all high-power current
paths do not flow near the magnetometers. The
magnetometers do not sit between the power supply
location and any devices, so no other component current
will be observed in the magnetometer measurements.
The ground and power planes are left continuous under
the magnetometer as the loop area with close parallel
planes is smaller than that created by imbalances
between current flow around the plane break if the plane
was removed under the magnetometer.

spectral noise density in nV/√Hz from datasheet
parameters and circuit analysis techniques. The plot of
estimated noise contributions over frequency is shown in
Figure 9. The integrated noise from 0.1 to 10 Hz is 0.42
uVrms, or 10. nTrms.
The error budget is presented in Table 3 and combines
the uncertainty contribution from all sources. These
results verify by analysis that we will meet our required
100 nT repeatability requirement provided we can
calibrate the effects noted. The magnetometer
contributions to error are dominant for all non-ideal
properties except temperature coefficient of the offset.
Offset effects are compensated for using the set/reset
functionality of the magnetometer. Remaining errors due
to offset, offset temperature coefficient (tempco), and
sensitivity tempco will all need to be calibrated out.

The temperature sensor is placed as close to the
magnetometer as possible to minimize temperature
difference between the temperature sense location and
the magnetometer location. In this layout, the edges of
the two components are about 1 mm apart.

Figure 8: Placement for Magnetometer and
Associated Electronics1
Expected Performance
During schematic capture, our detailed design was
analyzed for the following noise sources: magnetometer
voltage noise, pre-amp voltage noise, pre-amp current
noise, resistor noise (Johnson-Nyquist), and ADC noise.
For each noise source we calculated the expected

Figure 9: Spectral distribution of noise
contributions as computed by analysis1

Table 3: Non-Noise Contributions to Magnetic Sensing Error Budget by Analysis 1
Magnetometer

Amplifier

Resistors

ADC

Total V
Error*

B Error

Offset

5.12 mV

5 uV

2.9 mV

0.8 uV

5.9 mV

140 uT

Offset
Tempco

2.1 uV/C

0.02 uV/C

0.29
uV/C

0.04
uV/C

2.1
uV/C

51 nT/C

Non-linearity

4.1 uV

0†

0†

0.03 uV

4.1 uV

100 nT

Sensitivity
Tempco

0.29 %/C

0†

0.01 %/C

6
ppm/C

0.29
%/C

290
nT/C

* Summed by square root of sum of squares (independence assumed)
† Zero indicates the estimated contribution is multiple orders of magnitude smaller than other
contributions
`
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Figure 10: Multiple Levels of Abstraction Used to Implement Magnetometer Software in Python
associated class data and functions are summarized in
Figure 10. The AD777x abstracts away the AD7771
ADC. The ASP_mag class abstracts away other details
of the interface with the magnetometer such as the
application of set/reset pulses and data ready interrupt
handling. The magnetometer_capture class abstracts the
capturing of magnetometer data into functions that map
directly to the instrument’s command dictionary used
during spacecraft operations.

Digital Interface
Other satellite missions using the AERO-VISTA
magnetometer design in the future could implement the
analog and mixed signal design together with a SPI
controller of their choice. Such devices could involve a
spacecraft host computer, or low-SWaP dedicated
microcontroller.
In the AERO-VISTA application, the magnetometer
resides in a stand-alone secondary payload called the
Auxiliary Sensor Package (ASP). The ASP includes a
Raspberry Pi camera (Engineering Camera or ECam)
and Raspberry Pi Zero processor, so it is sensible to use
the Pi to read data from the ADC. The AD7771 ADC is
disciplined from a spacecraft-wide highly coherent 800
kHz clock. This 800 kHz clock is divided by a factor of
four internal to the ADC, and the sigma-delta circuitry of
the ADC can implement a decimation rate of up to 4096
times. This corresponds to a minimum data rate of about
48.84 samples per second (SPS). For simplicity of
analysis we operate the ADC with a decimation rate of
4000 to create an even 50 SPS. The Raspberry Pi reads
SPI data from the ADC with no more than 20 ms of delay
following the ADC data ready interrupt to ensure no
samples are lost.

Offset Elimination with Set / Reset Capability
Both the amplification electronics, as well as the
HMC1053 magnetometer itself can exhibit large static
offsets even in the presence of no external magnetic
field. As seen in Table 3, we expect up to 140 uT of static
magnetic field offset with temperature coefficients on
the order of 0.5 uT/°C. The Honeywell AMR
magnetometers include set/reset straps which realign the
magnetic domains of the AMR material to invert the
polarity of the magnetic sensitivity, but this action does
not invert the polarity of instrument-intrinsic offsets.
Without the switching operation, we have a desired
magnetic field signal 𝐵(𝑡) and an undesired offset signal
𝑂(𝑡). Together, these create what we actually measure:
𝑀(𝑡).
𝑀(𝑡) = 𝐵(𝑡) + 𝑂(𝑡)

Software
The ASP software is written in Python. We use the
RPi.GPIO library to setup interrupts on the ADC’s data
ready pin. These interrupts trigger a read of the ADC
data registers using the spidev library.

The switching operation can be analyzed as a
multiplication of another function P(t) with the B(t)
term, but not of the O(t) term.
𝑀(𝑡) = 𝑃(𝑡) ∗ 𝐵(𝑡) + 𝑂(𝑡)

Magnetometer software is written as a nested set of
classes, each abstracting the base hardware to a higher
level of functionality. The key classes and their

Belsten
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(2)

We know 𝑃(𝑡) and are measuring 𝑀(𝑡), but we know
neither 𝑂(𝑡) nor 𝐵(𝑡). With only this one equation and
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two unknown functions, we cannot perfectly know 𝑂(𝑡)
or 𝐵(𝑡); however, by making some assumptions about
𝑂(𝑡) we can get closer to subtracting out its effect and
knowing 𝐵(𝑡) more accurately.1

ever ±1. We know 𝑂(𝑡) will change slowly with time;
we’ve selected the set/reset period such that 𝑂(𝑡) will not
change significantly during one period. The product 𝑃(𝑡)
× 𝐵′ (𝑡) in general does not change slowly with time, so
as a first effort we can simply low-pass filter the
measured signal, driving the contribution of 𝑃(𝑡) × 𝐵(𝑡)
towards zero and allowing us to find an 𝑂′(𝑡).1

Critically, 𝑂(𝑡) does not change very quickly with time.
Datasheet analysis shows that in the worst case the offset
will change by 51 nT/°C. We have estimated that the
temperature of this sensor will not change faster than 0.5
°C/s, so the offset contribution will not change faster
than 26 nT/s. From this, we baseline a set/reset period of
1 second. Once we have the set/reset period, we know
the function 𝑃(𝑡) and can estimate 𝐵(𝑡) and 𝑂(𝑡)
separately.1

Frequency Domain
The switching and low-pass operation can be understood
further with frequency domain analysis. A diagram of
the relevant signals in the frequency domain is shown in
Figure 11. The multiplication of the magnetic field signal
by the polarity signal creates convolution in the
frequency domain. The drift of the offset occurs at lower
frequencies than the set/reset rate. The polarity switching
function is a square wave, so in the frequency domain is
actually a sin(x)/x function, but for simplicity we’ve
approximated it as single frequency delta function in this
diagram. Convolution with a delta function preserves the
shape of the convolved signal.

We use the set/reset polarity change to estimate 𝑂(𝑡) at a
regular interval; we denote this estimate as 𝑂′(𝑡). This
allows us to solve for a best estimate 𝐵′(𝑡) which should
be close to the actual 𝐵(𝑡).
𝑀(𝑡) = 𝑃(𝑡) ∗ 𝐵′(𝑡) + 𝑂′(𝑡)

(3)

𝑀(𝑡) − 𝑂′(𝑡)
𝑃(𝑡)

(4)

𝐵(𝑡) ≈ 𝐵′ (𝑡) =

We can use a sharp low pass filter to find O’(t); however,
a magnetic signal at the same frequency as the polarity
switching will be shifted to zero frequency, and will be
incorrectly included in the estimation of the offset. This

Note that in this case, division by the polarity is
equivalent to multiplication because P(t) is actually only

Figure 11: Diagram of Magnetometer Set/Reset Polarity Switching in the Frequency Domain 1

Figure 12: 1 Hz Artifacts Introduced by Simple Low Pass Filtering are Minimized by the Boundary
Sampling Method1
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Figure 13: Comparison of Square Wave and Boundary Sampling Methods 1
is a fundamental problem which cannot be resolved as
long as magnetic fields are changing at the same time as
we are performing our switching operations. In
particular, by choosing to low pass filter the
measurement with the offsets included, the estimation of
the offset is sensitive to magnetic changes at 1 Hz.1 This
creates artifacts in the offset estimation that show as a
strong 1 Hz square wave noise signal as seen in the lefthand side of Figure 12. This is not ideal, because
magnetic noise is dense at low frequencies (~1 Hz).
The density of magnetic noise generally decreases at
higher frequencies (as seen in Figure 20). Additionally,
the change in magnetic signal due to reorientation of the
spacecraft will be of the same frequency as the rotation
rate of the spacecraft (much less than 1 Hz). Therefore,
the best estimate of the offset is achieved by minimizing
the amount of time between the measurements used to
estimate the offset as this avoids capturing low frequency
magnetic signal in the offset estimation.

Figure 14: Boundary Sampling Method Waveforms1
This sampling method improves on the square wave
switching method because the offset estimation
sampling contains less low frequency content where
magnetic noise tends to be greatest. Figure 13 provides a
periodogram of both sampling techniques, showing that
the boundary sampling method is less affected by
magnetic signals below about 10 Hz as compared to the
simple square-wave estimation.

The settling time of the analog hardware sets a minimum
allowable amount of time between the last positive
polarity measurement and the first negative polarity
measurement on either side of a switching event. As
implemented in the pre-ADC filter, this settling time is
33 ms for 50 ppm settling accuracy. Rounding up, this
requires ignoring two samples (40 ms). Instead of
sampling the offset with a square wave, we now have the
sampling waveform shown in Figure 14. We call this
“boundary sampling” because instead of sampling the
offset with all of each set/reset state, we are only
sampling on the boundaries of the polarity switching
events.1

Belsten

Instrument Integration
The magnetometer instrument has been implemented on
a custom PCB. This PCB is separated into analog and
digital domains. The power supply and digital
electronics are kept separate from the analog electronics
for reduction of self-induced EMI in the sensitive analog
magnetic measurements. Internal to the PCB, the analog
and digital sections use separate ground and power
supply planes and are separated by a region of ground
stitching vias. The digital and analog power supplies are
connected at a single common point to keep the effective
loop area small. Shared signals are routed as near to the
power domain connection point as possible to keep loop
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area across signal return paths small. The analog power
supplies are supplied by a dedicated linear regulator to
provide power supply filtering. The analog-to-digital
connection details are shown in Figure 15.

PCB measures currents and voltages from power
supplies as well as board temperatures for housekeeping
telemetry. The placement of these components was
iterated with functional blocks before moving to actual
PCB component placement as shown in Figure 16.

In addition to the magnetometer circuitry, the custom
PCB contains power supplies and power supply
monitoring circuitry for the magnetometer and
Raspberry Pi. The PCB contains SPI-controlled Ethernet
(W5500) and CAN (MCP2515) interface chips. These
components allow the Raspberry Pi to interface with the
spacecraft bus computer. The PCB contains debug test
points in the form of Molex PicoBlade connectors. The

The PCB, Raspberry Pi Zero computer, and ECam are
integrated into a custom aluminum enclosure. The
aluminum enclosure provides mechanical support for the
electronic components, conducts heat away from the
electronics, and creates an EMI shield. The aluminum
enclosure also encases all ASP electronics to mitigate
EMI leakage out of the ASP which could affect the main

Figure 15: Layout Details at the Interface Between Analog and Digital Domains1

Figure 16: Initial Floor Plan and Final Layout of the Auxiliary Sensor Package (ASP) PCB 1
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AERO-VISTA vector sensor payload. As seen in cross
section in Figure 17, the enclosure also includes internal
EMI shields to block EMI from travelling through free
space between the digital domain and the analog domain
of the PCB.

noise from 0.1 Hz to 10 Hz of approximately 1 uTpp.
Attenuation by 40 dB should reduce 0.1 Hz to 10 Hz
noise to below 10 nTpp.
Results
The magnetic instrument collects X, Y, and Z magnetic
field amplitudes over time from two different
magnetometer channels. Therefore, there are six total
time domain signals. In addition to the single channel
noise, we are also interested in correlations between
signals in one channel with the same axis in another
channel. This is effectively a measurement of the
gradient of the magnetic vector between the two
magnetic measurement locations which are separated by
5 cm (the PCB magnetometer separation). To visualize
this multi-variate information, we examine the single
magnetic field measurement from Channel A, and then
the difference between Channel B and Channel A.
Uncorrelated instrument noise is expected to be about √2
times larger for the field subtraction measurement, but
any correlated noise will be differentially cancelled out
by the subtraction. Possible sources of partially
correlated noise include environmental magnetic field
fluctuations not sufficiently filtered by the mu-metal
shielded room, or self-interference by the instrument
which shows in the same axes of both channels at the
same time.

Figure 17: Cross-Sectional Diagram of ASP
Enclosure Shielding1

Data collection was first performed with all instrument
systems turned off, except those necessary to operate the
magnetometer. These results are plotted in Figure 19.
Next, the system was commanded to simultaneously
capture magnetometer data and one frame per second
image data from the ECam, which is the nominal data
acquisition mode for the ASP. The magnetic noise
results with camera operating are shown in Figure 20.
Table 4: RMS Noise of Magnetometer Channel A
With and Without Camera Operation1

Figure 18: Engineering Model Enclosure with
Electronics Integrated. The Lid is Removed to Show
Internal Configuration.

Operating Condition

Magnetic Noise DC to 10 Hz
[nTrms]
X

Y

Z

PERFORMANCE

Magnetometer only

8.6

44

8.1

Measurement Setup

Magnetometer and
camera operating
simultaneously

20.

196

25

The performance of our flight-like Engineering Model
(EM) was evaluated by integrating the ASP electronics
together and initiating magnetometer capture through the
instrument software.

Discussion
The magnetic noise as measured by Channel A when the
camera is not operating agrees closely with the predicted
value of 10 nTrms in the X- and Z-axes. The magnetic
noise is significantly larger at 44 nTrms for the Y-axis.

To reduce interference from environmental magnetic
noise, the measurements were made in a mu-metal
shielded room which provides greater than 40 dB of
magnetic noise attenuation at 0.1 Hz. In this laboratory
location outside of the shielded room, we have observed
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Figure 19: Engineering Model Sensor Noise with Minimal ASP Systems Enabled1

Figure 20: Engineering Model Sensor Noise While Simultaneously Capturing Magnetometer Data and
Camera Images1
amplitude of the magnetic gradient noise is
approximately √2 times larger than the single channel
noise. Magnetic noise is largest at lower frequencies
consistent with random walk or flicker frequency effects.
There is a significant leveling off of frequency
dependence between about 1 and 10 Hz consistent with
the expected noise distribution reported in Figure 9.

noise into the 1 Hz switching frequency used by the
set/reset offset estimation.
The sensor noise when the camera is operating is about
2-4x larger in all axes than when the camera is not
operating. With the camera operating, the X- and Z- axis
noise is well under our measurement requirement of 100
nT, but the Y-axis has exceeded our requirement. We
believe the added noise during camera operation can be
explained by the powering of the Raspberry Pi camera

The processed data shows increased noise at 1 Hz and its
harmonics, consistent with the aliasing of high frequency

Belsten
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over the flat flex ribbon cable that passes near the
magnetometer. The power supply and return currents to
the ECam flow through traces on opposite sides of the
flat flex cable, creating a current loop of maximum size.
Time varying current in the camera power supply lines
will create a time varying incident magnetic field at the
magnetometers. The Y-axis magnetic field noise appears
to be partially correlated between the two magnetometer
channels as the magnetic field noise of the gradient
measurement is less than that of the single channel
measurement as seen in Figure 20. Additionally, the
magnetic field gradient shows much greater X-axis noise
than Channel A alone, indicating that Channel B is
experiencing large magnetic noise in the X-axis. This is
consistent with emission from the Pi Camera flat flex
cable as the cable is routed closer to the Channel B
magnetometer.

We also used circuit analysis techniques to estimate error
contributions from non-noise sensor effects. The static
and slowly varying offsets will be corrected for using the
polarity inversion feature of the HMC1053 set/reset
straps, but other effects like off-axis sensitivity and
temperature dependence of the magnetometer gain will
need to be calibrated separately from the instrument
design described in this work.
The as-built performance of our flight-like engineering
model was shown to meet our 100 nT mission
requirement when the instrument camera is not
operating. The noise in two axes is about 10 nTrms when
the camera is not running, in close agreement with our
design estimate. The excess noise, particularly in the Yaxis when the camera is running is believed to be
magnetic self-interference from current flowing through
a flat-flex cable to the Raspberry Pi Camera.

We plan to mitigate excess noise in the Y-axis during
camera operation by synchronous use of the two ASPs
on each spacecraft independently. When both image and
magnetometer data are simultaneously needed for
science data acquisition, one ASP can acquire
magnetometer data while the other acquires images. By
keeping one ASP’s camera off, we expect to be able to
acquire both magnetically clean data and images
simultaneously. During other mission science activities,
the camera will be turned off while the magnetometer
and RF vector sensor still operate. In this acquisition
mode both ASPs can be used to acquire magnetometer
data at better than 100 nT precision.

Future Work
The
ASP
engineering
modules
are
being
environmentally tested in June of 2022. The results of
the environmental test may inform the selection of
different electronic components for the flight model. We
do not anticipate significantly changing the circuit
described in this work based on the results of
environmental testing.
The ASP unit flight software is under development with
an expected finish date in September of 2022. In
September, the ASP flight units will be delivered to MIT
Haystack Observatory, the AERO-VISTA spacecraft
integrator, for integration into the AERO and VISTA
spacecraft buses. Following system level testing, the
spacecraft will be delivered for launch no earlier than
late 2023.

CONCLUSIONS
Summary
This paper presented the design of the AERO-VISTA
magnetometer. This instrument is built around
Honeywell’s HMC1053 anisotropic magnetoresistive
sensor. This device was selected for its low noise floor
and operational mode expected to generate lower EMI
compared to other low-SWaP magnetometer
technologies.

Due to resource limitations, we do not expect to be able
to bring the integrated spacecraft to a magnetically quiet
location for a dedicated campaign of magnetic
measurement performance validation. We do expect to
monitor the magnetic noise in the MIT Haystack
Observatory laboratory environment to attempt a besteffort noise floor estimation with the ASP integrated into
the spacecraft despite the possible presence of
environmental magnetic noise.

Based on the operational interface to the HMC1053
magnetometer, we created an analog schematic
architecture including a pre-amplifier and ADC. From
this block diagram we identified major components and
described our selection methods to pick particular parts
for the pre-amplifier and ADC.

We will evaluate the performance of this magnetic
sensing system on orbit by comparing the magnetic
measurement reported by the two ASP modules on each
spacecraft, and by comparing the magnetic
measurements at low latitudes with that predicted by
global models like the WMM6 or IGRF7. These
comparisons will allow us to verify on orbit that our
system meets noise and repeatability requirements after
launch and exposure to the space environment.

Using datasheet parameters and circuit analysis methods
we computed the expected spectral noise density of the
magnetometer, pre-amplifier op-amp, circuit resistors,
and ADC. As designed, we expect the magnetometer
intrinsic noise to dominate other sources in our
frequency range of interest.
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